In the wake of exploring uncertainty in the full angular distribution of the B → Kπ + µ + µ − decay caused by the presence of the intermediate scalar K * 0 meson, we perform the straightforward calculation of the B(Bs) → S (S is a scalar meson) transition form factors in the full kinematical region within the covariant quark model. We restrict ourselves to the scalar mesons below 1 GeV: a0(980), f0(500), f0(980), and K * 0 (800). As an application of the obtained results we calculate the widths of the semileptonic and rare decays B(Bs) → Sℓν, B(Bs) → Sℓl and B(Bs) → Sνν. We compare our results with those obtained in other approaches.
I Introduction
Recently, much attention has been paid to the rare flavor-changing neutral current decay B → K * (→ Kπ)µ + µ − . One of the reasons for this was the first measurement of form-factor-independent angular observables performed by the LHCb Collaboration [1, 2] . It has been claimed that there is a 3.7σ deviation from the Standard Model (SM) prediction for one of the angular observables. Much effort has been spent to explain this deviation by invoking the effects of new physics (NP) (for example, see Refs. [3] [4] [5] [6] [7] [8] [9] and references therein). The main emphasis of the above-mentioned papers was on the search for the physical observables that have low sensitivity to the form factors.
In addition to the NP effects, the uncertainties related to the presence of the intermediate scalar resonance K * 0 decaying into Kπ have been intensively discussed in the literature [10] [11] [12] [13] [14] [15] [16] . A detailed analysis of the B → K * J (→ Kπ)µ + µ − decay in the higher kaon resonance region was done in Ref. [10] . In many papers, the Breit-Wigner form for the Kπ mass spectra was used. However, this assumption cannot be justified for the broad scalar resonances like the K * 0 (800) meson. The improvement of the description was done in Ref. [11] by invoking the chiral perturbation theory for the Kπ interaction. This issue was also generalized to B s → Kπℓν in Ref. [12] .
As is well-known, short-distance physics is under control in the description of the rare B decays, whereas the effects of long-distance physics described by the hadronic form factors lead to large uncertainties since they involve nonperturbative QCD. The calculation of the B → K * transition form factors have been performed in many theoretical approaches and models. We must mention some of them: light-cone QCD sum rules [17] , QCD sum rules [18] , the lattice-constrained dispersion quark model [19] , the simple dipole parametrization [20] , perturbative QCD at large recoil region [21] , the relativistic quark model [22] , and the Dyson-Schwinger equations in QCD [23] .
The B s and D s to K * 0 (1430) transition form factors were calculated in Ref. [27] within an approach based on QCD sum rules. The form factors for the B → K * 0 (1430) transition have been evaluated in the light-front quark model [28] . The form factors of rare B → K * 0 (1430)ℓ + ℓ − decay were calculated in Ref. [29] within three-point QCD sum rules. The B → S transition form factors have been investigated in the light-cone sum rules approach [30] . The transition form factors of B(B s )-mesons decay into a scalar meson were studied in Ref. [31] within the perturbative QCD approach. With these form factors, the decay width and branching ratios of the semileptonic B → Sℓν and rare B → Sℓ + ℓ − decays have been calculated. The rare semileptonic decays
were investigated in Ref. [32] in the framework of the three-point QCD sum rules. The B s → f 0 (980) transition form factors were computed in Ref. [33] by using light-cone QCD sum rules at leading order in the strong coupling constant and an estimate of next-to-leading-order corrections. A QCD light-cone sum rule was also used to evaluate the B s → S form factors and B s → Sℓν ℓ , ℓl (ℓ = e, µ, τ ) branching ratios in Ref. [34] . The twist-3 light-cone distribution amplitudes (LCDAs) of the scalar mesons were investigated in Ref. [35] within the QCD sum rules. As an application of those twist-3 LCDAs, the B → S transition form factors were studied by introducing proper chiral currents into the correlator.
Recently, the B − S form factors for two scalar nonet mesons below and above 1 GeV were calculated in Ref. [36] by taking into account the perturbative O(α s ) corrections to the twist-2 terms using the light-cone QCD sum rules. They were used in Ref. [37] to study the semileptonic B → Sℓν ℓ and rare B → Sℓ + ℓ − , Sνν decays. In the wake of exploring uncertainty in the full angular distribution of the B → K * (→ Kπ)µ + µ − decay caused by the presence of the intermediate scalar K internal structure of these mesons is not yet well established (see Refs. [25, 26] for a review). We will use the simplēinterpretation of the low-lying scalar mesons in our calculation. The calculated form factors are used to evaluate the branching fractions of the decay B(B s ) → Sℓl, where ℓ = e, µ, τ . We compare our results with those obtained in other approaches.
The paper is organized in the following manner. In Sec. II we give the necessary theoretical framework which includes the effective Hamiltonian, its matrix element between the initial and final states, the definition of the hadronic form factors and the helicity amplitudes. In Sec. III we briefly discuss our covariant quark model and calculate the form factors of the transitions B → Sℓν ℓ and B → Sℓ + ℓ − . Finally, we present our numerical results for the differential decay distributions and branching ratios. We compare our findings with the results of other approaches.
II Effective Hamiltonian and form factors
We start with the on-shell decays B d → (K, K * 0 , K * )ℓ + ℓ − which can be described by using the effective Hamiltonian for the b → s transition [38, 39] . The effective Hamiltonian leads to the free-quark b → sl + l − decay amplitude:
where
is the weak Dirac matrix, λ t = |V † ts V tb | is the product of the Cabibbo-Kobayashi-Maskawa elements, and C eff 7 = C 7 − C 5 /3 − C 6 . The Wilson coefficient C eff 9 effectively takes into account (i) the contributions from the four-quark operators and (ii) the nonperturbative effects coming from the cc-resonance contributions which are as usual parametrized by a Breit-Wigner ansatz [40] :
where µ is a scale parameter and
In what follows, we will not include the long-distance contributions coming from the J/ψ and ψ(2S) resonances [40] and charm-loop effects [41] . We specify our choice of the momenta as 
where P = p 1 + p 2 and q = p 1 − p 2 . The matrix element in Eq (3) is written as
where the quantities T µ i are expressed through the form factors and the Wilson coefficients in the case of the spinless particle H 2 as
Respectively, the helicity form factors H 
The differential (q 2 , cos θ) two-fold decay distribution may be written in terms of the bilinear combinations of the helicity amplitudes (see Ref. [42] ). However, it is common in the modern literature to use the transversality amplitudes A L,R ⊥, ,0 and A t defined in Ref. [43] . They are related to our helicity amplitudes by
where the overall factor is given by
1 is the momentum of the outgoing meson H 2 and v = 1 − 4m 2 ℓ /q 2 is the lepton velocity, both of which are given in the rest frame of the parent meson H 1 .
The differential decay distribution then reads
Integrating over cos θ one obtains
where we have introduced a flip parameter δ ℓℓ = 2m 2 ℓ /q 2 . We also calculate the differential rates for the semileptonic H 1 → H 2 ℓν ℓ mode and rare H 1 → H 2 νν decay. One has
The form factors F ± are defined by Eq. (4), whereas the function D ν (x t ) is given by
III The B − S transition form factors in the covariant quark model
We calculate the B − S transition form factors in the covariant quark model. We briefly recall the basic features of this approach, which was formulated in its modern form in Ref. [44] by taking into account the infrared confinement of quarks.
The model is based on an effective interaction Lagrangian describing the coupling of hadrons to their constituent quarks. For instance, the coupling of a meson M (q 1q2 ) to its constituent quarks q 1 andq 2 is described by the nonlocal Lagrangian
Here, Γ M is the Dirac matrix, which is chosen appropriately to describe the spin quantum numbers of the meson field M (x). The vertex function F M (x, x 1 , x 2 ) characterizes the finite size of the meson. To satisfy translational invariance the vertex function has to obey the identity
We use a specific form for the vertex function which satisfies the above translation invariance relation. One has
where Φ M is the correlation function of the two constituent quarks with masses m 1 and m 2 . The variable w i is defined by w i = m i /(m 1 + m 2 ), so that w 1 + w 2 = 1. We choose a simple Gaussian form for the vertex function Φ M (−k 2 ). The minus sign in the argument of Φ M (−k 2 ) is chosen to emphasize that we are working in Minkowski space. One has
where the parameter Λ M characterizes the size of the meson. Since k 2 turns into −k 2 E in Euclidean space the form (14) has the appropriate falloff behavior in the Euclidean region. We stress that any choice for Φ M is appropriate as long as it falls off sufficiently fast in the ultraviolet region of Euclidean space in order to render the Feynman diagrams ultraviolet finite.
In the evaluation of the quark-loop diagrams we use the free local fermion propagator for the constituent quark,
with an effective constituent quark mass m q . The coupling constant g M in Eq. (12) is determined by the so-called compositeness condition suggested by Weinberg [45] and Salam [46] (for a review, see Ref. [47] ) and extensively used in our studies (for details, see Ref. [48] ). The compositeness condition requires that the renormalization constant Z M of the elementary meson field M (x) is set to zero, i.e.,
is the derivative of the mass operator corresponding to the self-energy diagram in Fig. 1 . To clarify the physical meaning of the compositeness condition, we recall that the renormalization constant Z
1/2
M can also be interpreted as the matrix element between the physical state and the corresponding bare state. For Z M = 0 it then follows that the physical state does not contain the bare one and it is therefore described as a bound state. The interaction Lagrangian (12) and the corresponding free Lagrangian describe both the constituents (quarks) and the physical particles (hadrons), which are bound states of the constituents. As a result of the interaction, the physical particle is dressed, i.e., its mass and wave function have to be renormalized. The condition Z M = 0 also effectively excludes the constituent degrees of freedom from the space of physical states and thereby guarantees that there will be no double counting. The constituents exist in virtual states only.
The covariant quark model was applied to evaluate the form factors of the B(B s ) → P (V )−transitions in the full kinematical region of momentum transfer squared [49, 50] This approach was extended to describe the baryons as three-quark states [51] and the exotic meson X(3872) as a tetraquark [52] .
A similar approach based on the compositeness condition Z = 0 was recently developed in Ref. [53] . In this paper we evaluate the B−S transition form factors assuming that the scalar mesons below 1 GeV are ordinary two-quark states. Some remarks should be made before performing the calculations. The internal structure of the light scalar mesons is not yet well established (for review, see Refs. [25, 26] ). Since they have large decay widths it is difficult to distinguish them from background. There are interpretations of these objects as four-quark states and/or gluballs. Here, we describe the scalar mesons as two-quark states and evaluate the B − S form factors within our approach, but when we use the calculated form factors in the matrix element of the cascade decay B → K * 0 (→ Kπ)ℓ + ℓ − we take into account the line shape of the K * 0 , which reflects the broad width of this resonance. One can also describe the scalar mesons as four-quark states in our approach, similar to the exotic meson X(3872) [52] ; however, this is beyond the scope of this work.
The SU(3) nonet of scalar mesons below 1 GeV can be written in the matrix form
The physical scalar fields are related to the Cartesian basis in the following manner:
where θ S is the octet-singlet mixing angle. TheqŜq vertex is then written as
where δ S = θ − θ I , with the ideal mixing angle θ I = arctan 1/ √ 2 . We will use the notation from Ref. [24] for the scalar mesons below 1 GeV:
, m f0(500) = 400 − 550 MeV;
Moreover, we assume that δ S = 0, i.e., m f0(980) to ensure a puress state. The coupling constant g S in Eq. (12) is determined by Eq. (16), where Π ′ S is the derivative of the scalar meson mass operator,
By using the calculation technique outlined in Ref. [44] , one can easily perform the loop integration. We give the analytic result for equal quark masses (m q1 = m q2 ≡ m q ):
Note that in the case of λ → 0 the branching point appears at p 2 = 4m 2 q . At this point the integral over t becomes divergent as t → ∞ because z 0 = 0 at α = 1/2. By introducing an infrared cutoff on the upper limit of the scale of integration, one can avoid the appearance of the threshold singularity.
Herein our primary subjects are the B − S transition matrix elements, which can be expressed via the dimensionless form factors defined in Refs. [49, 50] . The diagram corresponding to these matrix elements is shown in Fig. 2 .
Diagrammatic representation of the matrix elements in Eqs. (22) and (23) .
One has
Here, p
, and q 3 = s, d. Since there are three sorts of quarks involved in these processes, we introduce the notation with two subscripts, w ij = m qj /(m qi + m qj ) (i, j = 1, 2, 3) so that w ij + w ji = 1.
The first fit of the model parameters was done in the original paper [44] , where the infrared quark confinement was implemented for the first time. The leptonic decay constants (which are known either from experiments or from lattice simulations) have been chosen as the input quantities to adjust the model parameters. A given meson H in the interaction Lagrangian is characterized by the coupling constant g H , the size parameter Λ H and two of the four constituent quark masses, m q (m u = m d , m s , m c , m b ). Moreover, there is the infrared confinement parameter λ, which is universal for all hadrons. Note that the physical values for the hadron masses have been used in the fit. Therefore, one has 2n H + 5 adjustable parameters for n H numbers of mesons. The compositeness condition provides n H constraints and allows one to express all coupling constants g H via other model parameters. The remaining n H + 5 parameters are determined by a fit to experimental data. The values of leptonic decay constants and some electromagnetic decay widths have been chosen as the input data. Several updated fits were done in Refs. [49, 50] . In this paper we will use the latest fit done in Ref. [54] . The fitted values of the constituent quark masses m q , the infrared cut-off λ, and the size parameters Λ H are given by Eq. (24) and Table I . Our form factors are represented as three-fold integrals which are calculated by using NAG routines. The results of our numerical calculations are well approximated by the parametrization
We consider the following weak transitions: b − u (charged current), and b − d and b − s (flavor-changing neutral currents). The values of F (0), a, and b are listed in Table II . 
IV Numerical results and discussion
We use the following set of SM parameters: G F = 1.16637 × 10 [24] .
All model parameters are fixed by fitting the experimental data in our previous papers (see 54] ). Their numerical values are shown in Eq. (24) and Table I . The only new parameter is Λ S which characterizes the size of the scalar mesons. We allow this parameter to vary in a relatively large interval, Λ S ∈ [0.8, 1.5] GeV.
In Figs. 3 and 4 , we plot our calculated F + (q 2 ) and F T (q 2 ) form factors in the entire kinematical range 0 ≤ q 2 ≤ q 2 max . Since the behavior of −F − (q 2 ) is very similar to that of F + (q 2 ), we do not display them. One can see that the form factors are more sensitive to the choice of Λ S at small q 2 and less so near zero recoil. We are going to explore the influence of the intermediate scalar K * 0 meson on the angular decay distribution of the cascade decay B → Kπ + µ + µ − . Therefore, we give the maximum values of the form factors in Table III and the branching ratios in Table IV obtained for Λ S = 1.5 GeV. The results for the e mode are almost identical to those of the µ mode and will not be shown separately. Since the ratio |V td |/|V ts | ≈ 0.21 is relatively small we do not show the branching ratios of the decays with the b − d transition. We compare the obtained results with those from other approaches. One can see that our values for the branching ratios are almost half of those from other approaches.
Let us briefly discuss the impact of the scalar resonance K * 0 on B → K * (→ Kπ)ℓ + ℓ − decay. As is well known, the narrow K * (892) vector resonance is described by a Breit-Wigner parametrization and the given cascade B decay can be calculated by using the narrow-width approximation. But this is not true in the case of the broad scalar K * 0 (800) meson. There are several parametrizations of the K − π line shapes in the literature; see, for instance, the discussion in Ref. [11] . For the time being we will use the parametrization accepted in Ref. [12] , the integrated value of which (ΛS = 1.5 GeV) 
Then, we scale the calculated value for the differential decay rate dΓ(B → K * 0 (800)µ + µ − ) by this factor and compare it with that for B → K(892)µ + µ − ) decay. We display the behavior of the ratio R(q 2 ) = 2/3 dΓ(B → K * (892)µ + µ − ) 2/3 dΓ(B → K * (892)µ + µ − ) + 0.17dΓ(B → K * 0 (800)µ + µ − ) (27) in Fig.5 , which may be compared with the finding of Ref. [13] . The integrated ratio (the numerator and denominator are integrated separately in the full kinematical region of q 2 ) gives a size for the S-wave pollution to the branching ratio of the B → K * ℓ + ℓ − decay of about 6%. 
